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ABSTRACT

A MICROANALYTICAL APPROACH TO UNDERSTANDING
THE ORIGIN OF CUMULATE XENOLITHS
FROM MAUNA KEA, HAWAII

Megan Pickard
Department of Geological Sciences
Master of Science

Cumulate xenoliths erupted with alkalic hawaiite lavas from a postshield cinder
cone on Mauna Kea, Hawaii include a variety of mafic and ultramafic rock types.
Previous studies of major and trace element compositions of minerals in the xenoliths are
interpreted to show transitional to alkalic magma parentages from the postshield stage,
although any orthopyroxene-bearing xenoliths are considered to have tholeiitic parents.
Major element compositions minerals were analyzed using the electron microprobe and
trace element compositions of clinopyroxene grains were analyzed by laser ablation
inductively coupled plasma mass spectrometry. In this study, major element compositions
of clinopyroxene, olivine and plagioclase grains and trace element compositions in
clinopyroxene grains in xenoliths lacking orthopyroxene indicate a transitional magma
parentage consistant with postshield magmas. Trace element compositions of possible
parent magmas of the xenoliths were calculated from clinopyroxene compositions using
partition coefficients for basaltic liquids from Hauri et al. (1994). Liquids calculated from
the xenoliths were compared to Mauna Kea lavas. Chondrite-normalized rare earth
element (REE) patterns of liquids calculated from both orthopyroxene-bearing xenoliths

partition coefficients for basaltic liquids from Hauri et al. (1994). Liquids calculated from
the clinopyroxene in the xenoliths were compared to Mauna Kea shield lavas and to the
postshield Hamakua and Laupahoehoe units. Chondrite-normalized rare earth element
(REE) patterns of liquids calculated from both orthopyroxene-bearing xenoliths and those
without orthopyroxene were similar REE patterns of both Mauna Kea postshield tholeitic
and alkalic lavas. Liquids from a wehrlite and an olivine gabbronorite have REE patterns
similar to tholeiitic shield basalts. To better distinguish the transitional xenolith sources
as one of Mauna Kea’s two postshield substages, the older, basaltic Hamakua unit or the
younger hawaiitic Laupahoehoe unit, variation diagrams compared calculated liquid
compositions to Mauna Kea lavas from the shield and postshield stages. Calculated liquid
trace element concentrations are similar to those of Hamakua lavas.
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INTRODUCTION
Calculating parent magmas from mineral compositions can be an effective tool
for studying the origin of intrusive rocks. The Hawaiian volcanic chain and one of its
volcanoes, Mauna Kea on the island Hawaii, have been studied extensively. Xenoliths
were erupted from several cinder cones on Mauna Kea. Major and trace element work on
minerals from the xenoliths indicate there is potential for determining the source of the
xenoliths (Sen and Presnall, 1986; Clague, 1988; Clague and Bohrson, 1991 and Chen et
al., 1992; Fodor and Vandermeyden, 1988; Fodor and Galar, 1997; Fodor, 2000)
however limitations with these approaches leaves some ambiguities. This study uses a
new approach to better define the origin of the xenoliths. Calculating parent liquids from
trace element compositions of clinopyroxene grains in the xenoliths from Mauna Kea
allows is useful in that Mauna Kea has analyses of lavas to directly compare to any
liquids calculated. A direct comparison to bulk-rock analyses of shield and postshield
Mauna Kea lavas gives a more definite origin of the xenoliths than comparing major
element compositions of minerals and chondrite-normalized rare earth element (REE)
patterns of calculated liquids.
BACKGROUND
Each Hawaiian volcano experiences four sequential stages as the lithosphere
approaches, moves over, and proceeds past an underlying mantle plume (Clague, 1987):
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1. Preshield stage – infrequent small volume submarine eruptions of alkalic
basalt; lasts about 200,000 years and occurs as the lithosphere approaches and
begins to move over the plume

2. Shield stage – frequent large volume eruptions of tholeiitic basalts as the
result of the volcano having moved directly over the plume; lasts about
500,000 years during which the volcano grows large enough to have subaerial
eruptions

3. Postshield stage – caps the shield lavas with small volumes of almost entirely
alkalic basalts erupted as scoria cones and short a’a flows; however, the
beginning can include both tholeiitic and transitional lavas; gradual decline in
eruptions over about 250,000 years as the volcano moves off the plume

4. Post-erosion stage – after a period of erosion and subsidence on the volcano
(as much as 2.5 Ma) small volumes of explosive, highly alkalic basalts erupt
as cinder cones, tuff cones and lavas
Mauna Kea
Mauna Kea is a Hawaiian shield volcano that reaches an altitude of 4230 m and
has volcanic products of two stages exposed: the shield stage and the postshield stage.
Currently it is in the postshield stage and xenoliths have been transported to the surface
with alkalic magma erupted as cinder cone deposits (Jackson et al., 1982; Fodor and
Vandermeyden, 1988; Fodor and Galar, 1997; Fodor, 2001). The two eruptive sequences
2

Fig. 1. Sample location for xenoliths from a cinder cone on the
southern flank of Mauna Kea (adapted from Fodor and Galar 1997).

from the postshield stage are the older Hamakua unit (80-240 ka) and the younger most
recent Laupahoehoe unit (4-66 ka) (Wolfe et al., 1997). Xenoliths have been found at
numerous cinder cones between about 2800 m and the volcano summit hosted in
hawaiites and mugearites of the Laupahoehoe unit (Fodor and Galar, 1997; Wolfe et al.,
1997).
Mauna Kea presents an interesting problem in that the postshield stage has an
abrupt transition from older, dominantly tholeiitic to transitional and alkalic basalt
3

(Hamakua Volcanics) to younger, solely hawaiite to trachyte lavas (Laupahoehoe
Volcanics) with an obvious gap in major and trace element compositions (Frey et al.,
1990; Xu et al., 2005). Both Frey et al. (1990) and Xu et al. (2005) suggested the
chemical difference between the two units is due to dominantly clinopyroxene and
olivine fractionation deriving Laupahoehoe hawaiite from Hamakua-like basalt at
moderate pressure.
To explain the gap in major element composition, major and trace element data
and isotopic data from Mauna Kea lavas were used to model possible fractionation
processes (West et al., 1988). As Mauna Kea transitioned from shield to postshield stage,
melt supplies decreased and magma differentiated in shallow magma chambers from
tholeiitic to transitional/alkalic and high Fe-Ti basalts of the postshield Hamakua lavas
(Frey et al., 1990). Fractionation modeling by Frey (1990) suggests that the cumulate
assemblage of this stage is comprised of plagioclase, olivine and clinopyroxene similar to
some gabbroic xenoliths. As the volcano moved farther off the center of the plume, melt
supply decreased further with alkalic magmas forming and then ponding and
fractionating at depth (Frey et al., 1990, their Fig. 15). Modeled differentiation of alkalic
basalts to hawaiite and mugearite (Hamakua to Laupahoehoe) shows a clinopyroxenedominated crystalline extract, of which pyroxenite xenoliths could be evidence. Unlike
the older Hamakua unit that contains some erupted Fe-Ti rich lavas, the Laupahoehoe
unit lacks any eruptions of Fe-Ti rich lavas. This indicates that the crystallization of Fe-Ti
oxides in the Laupahoehoe magma chamber removed Fe and Ti contents from the
evolving liquid. Perhaps the small number of Fe-Ti oxide rich xenoliths that have been
found may come from the alkalic Laupahoehoe chambers.
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The xenoliths of this study were found on the flanks of a cinder cone and hillside
directly south of the ranger station found at about 2800 m on the Mauna Kea Access
Road (Fig. 1). Most xenoliths were encased in scoriaceous bombs of Laupahoehoe
compositions. Xenoliths range in modal composition from mafic to ultramafic. Fodor
and Galar (1997), Fodor (2000), and Fodor (2001) collected similar xenoliths at several
cones in this vicinity and at several summit cones.
Previous work on other cumulate xenoliths from Mauna Kea suggested that
individual types of xenolith can only be found at certain cinder cones (Jackson et al.,
1982). However the variety of samples found in this study (Fig. 1) include all the rock
types so far identified but the more silicic tonalite described by Fodor (2001). Xenolith
types that each cinder cone brought up may depend on what the cinder cone conduit
traversed and the fragmentation depth. If this is the case, then the cinder cone sampled in
this study had access to many different cumulates while three cinder cones sampled by
Fodor and Galar (1997) about 250 m to the west across the Mauna Kea Access Road did
not.
Several studies have been conducted on Mauna Kea xenoliths. Fodor and
Vandermeyden (1988) model crystal fractionation from postshield basalt to hawaiite and
determined gabbros were a likely produced in the process. Fodor and Galar (1997)
analyzed major element compositions of olivine, clinopyroxene, orthopyroxene,
plagioclase and Fe-Ti oxide grains in xenoliths to better define the petrology. Whole rock
major and trace element compositions and whole rock isotopic analyses (Sr and Pb) were
also used by Fodor and Galar (1997) to verify that the xenoliths crystallized from Mauna
Kea magmas.
5

In attempts to establish a more definite magma parentage (tholeiitic or alkalic) of
Hawaiian cumulate xenoliths, several factors have been considered (Sen and Presnall,
1986; Clague, 1988; Clague and Bohrson, 1991 and Chen et al., 1992; Fodor and
Vandermeyden, 1988; Fodor and Galar, 1997; Fodor, 2000). First any coarse-grained
cumulate containing orthopyroxene grains indicates a tholeiitic magma parentage. Thus,
cumulates that lacked orthopyroxene grains are considered more likely to be transitional
to alkalic or alkalic. However, plagioclase- and orthopyroxene-free ultramafic xenoliths
were found to have both tholeiitic and alkalic parentages based on Al2O3 and TiO2
contents in clinopyroxene grains (Fodor and Galar, 1997). They found that low-REE and
Al2O3 (<3 wt %) concentrations are typical of clinopyroxene in tholeiitic lavas from
Mauna Kea. Xenoliths with clinopyroxene Al2O3 >3 wt % and a lack of coexisting
orthopyroxene grains were loosely assigned a transitional or alkalic magma parentage
(Fodor and Galar, 1997) based on clinopyroxene grains in alkalic magmas having higher
Al2O3 contents.
Fodor (2000) analyzed trace-elements concentrations of gabbroic plagioclase bulk
separates from Mauna Kea cumulate xenoliths. Sr, Ba, Hf and Ta concentrations in
plagioclase grains reflect abundances in their parent magmas with Sr vs plagioclase An
contents and Sr vs Ce/Yb being the most diagnostic parameters to distinguish between
tholeiitic and alkalic magma parentages. Plagioclase grains from alkalic magmas have
higher amounts of incompatible elements at a given An content than those from tholeiitic
magmas (Fodor, 2000). Mauna Kea leucocratic xenoliths (Fodor, 2001) showed that
postshield magma evolution can approach rhyolitic compositions that are not represented
in Hamakua lavas.
6

While it is clear that considerable work on Mauna Kea xenoliths has been
completed, no microanalysis of trace elements in clinopyroxene grains has been done to
calculate possible parent magma compositions. This study gives a new approach to
evaluating the evolution of Mauna Kea to more accurately understand what coarsegrained xenoliths of cumulates from Mauna Kea indicate about the evolution of Mauna
Kea magmas and the transition from shield to postshield magmatism. A detailed
examination of both major element compositions of xenolith minerals and trace element
compositions of xenolith clinopyroxene grains enhances earlier work on magma
parentage of the minerals in cumulate xenoliths from Mauna Kea. Our approach used
laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to analyze
clinopyroxene grains for trace element compositions and to determine parent magma
compositions of the xenoliths from the trace element compositions. Calculated liquids
allow a more direct comparison to bulk-rock analyses of shield and postshield Mauna
Kea lavas and give a more definite origin of the cumulates.
XENOLITH ROCK TYPES
A range of rock types are found as xenolith blocks or in the center of volcanic
bombs. Rock types were based on modal abundances seen in thin section and can vary
depending on where the thin section was made. Variations in modal abundances in some
xenoliths can even be seen in thin section. The most common thin section heterogeneities
occur where plagioclase grains are concentrated in layers. Each xenolith was
homogeneous enough in thin section to be given a single modal-based rock type name
unless otherwise specified. Xenolith types included dunites, pyroxenites, wehrlites,
7

olivine gabbros and gabbros. All types were found at one cinder cone with no apparent
geographic order. See Table 1 for sample descriptions and modal abundances.
Dunite
The three dunites analyzed are medium-grained with triple junctions between
grains and undulatory extinction in olivine. Fe-Ti oxides are found in all the dunite
samples as inclusions and among olivine as grains. One sample, MK-7, is extremely FeTi oxide rich. The olivine grains in this xenolith are filled with Fe-Ti oxide lamellae (Fig.
2a). Two of the dunites have interstitial clinopyroxene as small blebs around Fe-Ti
oxides. Sample MK-20 has several grains of clinopyroxene of similar size to the olivine
grains. MK-20 also has a rim of amphibole grains on one side between the xenolith and
the lava (Fig. 2g). Dunite MK-62 sits next to a gabbro with a sharp boundary between
them and may be an example of compositional layering (Fig. 2b).
Pyroxenite and wehrlite
Two pyroxenites and one wehrlite were analyzed. Pyroxenites are comprised of
individual clinopyroxene and orthopyroxene grains with clinopyroxene being more
abundant (Fig. 2h). The wehrlite contains abundant olivine and less clinopyroxene and
orthopyroxene than the pyroxenite (Table 1). Many of the clinopyroxene grains in the
pyroxenites and the wehrlite have orthopyroxene lamellae. Although both rock types
contain Fe-Ti oxides, Fe-Ti oxides are not as abundant in the pyroxenites and are found
only as inclusions or interstitial grains. In contrast, the wehrlite is very Fe-Ti oxide-rich
with the olivine grains filled with Fe-Ti oxide lamellae, similar to dunite MK-7 (Fig. 2c).
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Table 1. Modal abundances (percent) of Mauna Kea xenoliths and average mineral compositions
Sample
MK-7
MK-8
MK-20
MK-62
MK-9b
MK-65
MK-6
MK-55
MK-42
MK-29
MK-5
MK-9a
MK-25
MK-54
MK-62
MK-24
MK-60
MK-46
MK-310-5

Rock Type
Dunite
Dunite
Dunite
Dunite
Pyroxenite
Pyroxenite
Wehrlite
Ol gabbro
Ol gabbro
Ol gabbro
Ol gabbro
Ol gabbronorite
Ol gabbronorite
Ol gabbronorite
Anorthosite/Gabbro
Gabbro-Ol gabbro
Gabbronorite
Gabbronorite
Gabbronorite

Cpx
5
1-2
<1
65
83
49
38
45-55
35
35
35
50
45
10
5-35
50
45-50
48

Ol
95
95
88
95

Plag

<1
2
5

49
15
10
12
5
29
15
15
<1
3

45
15-25
35
35
35
30
35
90
50-80
45
45-50
48

Oxides
5
5
10
5
3
2
5
2
15-25
18
25
<1
5
5
1
5
5
1-2

Opx

Amph

Apat

1
30
10
2

Fo
89
88
80
86

Cpx Avg Mg#
89

47

86

67
85
75

1
<1
<1

<1

69
81
75
76
72

5
<1
5

An

<1

66
62
59
60
76
61
71
77
64
69
69
63

83
80
84
81
77
76
75
84
82
82
85
79
81
80
78

Opx Avg Mg#

68
65
63

70
65
66
65
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Gabbro

Dunite

ol
1 mm

(a) Dunite

1 mm

(b)

cpx

cpx
plag

cpx

ol

ol

ol
plag

cpx
1 mm

(c) Wehrlite

(d) Olivine Gabbro

cpx

1 mm

plag

cpx

cpx

cpx

cpx

plag
cpx

plag
plag

(e) Gabbro

1 mm

cpx

(f ) Gabbro

1 mm

Fig. 2. Photomicrographs of select samples. (a) olivine in dunite
MK-7 are filled with oxide lamella. (b) The border between the
dunite and the gabbro of sample MK-62. (c) wehrlite MK-6 olivine
have oxide lamella similar to dunite MK-7. (d) - (f) oxide lamella
in clinopyroxene; some clinopyroxene also exhibit zoning with
oxide lamella: (d) olivine gabbro MK-55; (e) gabbro MK-60; (f)
gabbro MK-310-5.
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ol

cpx
Amph

Amph

Lava

Lava

(g)Dunite

1 mm

1 mm

(h) Pyroxenite

cpx

cpx
ol

plag

plag

plag cpx
plag

(i) Olivine Gabbro

cpx

opx

cpx
1 mm

(j) Gabbro

1 mm

Fig. 2 (cont.). Photomicrographs of select samples. (g) amphibole rim between the dunite MK-20 and the encasing lava. (h)
pyroxenite MK-65. (i) olivine gabbro MK-29. (j) gabbro MK-24.
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Gabbro and olivine gabbro
The five gabbros and seven olivine gabbros examined all contain clinopyroxene
and plagioclase (Table 1; Figures 2d-f, i-j). The modal percentages of clinopyroxene and
plagioclase are about equal in the gabbros. Three gabbro and three olivine gabbro
xenoliths also contain grains of orthopyroxene and are thus better classified as
gabbronorites and olivine gabbronorites. With the exception of gabbro MK-62, all gabbro
and olivine gabbro samples contain at least some Fe-Ti oxides. In contrast to dunite MK7 and the wehrlite, Fe-Ti oxide lamellae are found in clinopyroxene grains and olivine
grains are relatively fresh with some minor alteration to iddingsite. Three samples MK55, MK-60 and MK-310-5, an olivine gabbro and gabbronorites, respectively, contain
clinopyroxene grains that exhibit zoning with Fe-Ti oxide lamellae (Fig. 2d-f). Some
alternate between Fe-Ti oxide-free zones and Fe-Ti oxide-rich zones. Others are either
filled with Fe-Ti oxide lamellae and have Fe-Ti oxide-free rims or have Fe-Ti oxide-free
cores with Fe-Ti oxide lamellae-rich rims.
ANALYTICAL METHODS
Instrumental methods
Standard thin sections and polished "thick" sections (approximately 100 microns
thick) were made from the same billets. Thin sections were used for petrographic work
and thick sections from the same billet were used to determine major and trace element
compositions of minerals.
Electron microprobe analyses on minerals for major element concentrations were
done at Brigham Young University on a Cameca SX50 using 15kV excitation voltage for
12

all minerals. Clinopyroxene, orthopyroxene, and olivine grains were analyzed using the
smallest beam size (approximately 2 μm) and a 20 nA current. Plagioclase, amphibole
and apatite grains were analyzed using a 10 μm beam and a 10 nA current. Automated
traverses were done rim to rim across single clinopyroxene grains. A minimum of three
points, core, mantle and rim were spot analyzed for all other minerals, grain size
permitting.
Trace element data for clinopyroxene were obtained at Washington State
University by laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS)
on a Finnigan Element2. The same clinopyroxene grains that were analyzed for major
elements were analyzed for trace elements. Only grains that appeared optically
homogenous were analyzed, but spot analyses occurred over a spiral laser path (~250 m
across) in an attempt to homogenize any micro-exsolution or small inclusions that may
have been in the laser path. A minimum of core, mantle, and rim spot analyses were done
on each grain. For each of 15 xenoliths, two to three clinopyroxene grains were analyzed.
Trace element concentrations were calibrated using the USGS BCR2G standard glass.
MAJOR ELEMENT COMPOSITIONS
Clinopyroxene
All samples examined, with the exception of dunite MK-8, contain clinopyroxene
grains. Because some samples had clinopyroxene grains with orthopyroxene or Fe-Ti
oxide exsolution, unexsolved clinopyroxene grains were analyzed where possible to
avoid complications. Electron microprobe traverses were conducted across single grains
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to obtain profiles and check for zoning in major elements. In general profiles are nearly
flat and show little or no zoning.
Clinopyroxene Mg-numbers (Mg/(Mg + Fe2+(total) + Mn) x 100; in cations per
formula unit) vary depending on rock type (Fig. 3a; Table 2 in attachments). Mg-numbers
for clinopyroxene grains in dunite xenoliths are the highest and range from 83-90.
Wehrlite clinopyroxene Mg-numbers (82-85) overlap dunite clinopyroxene, but are on
average, lower. Other rock types have clinopyroxene Mg-number ranges that are lower.
Pyroxenites contain clinopyroxene grains with Mg-numbers that range from 76-85. The
clinopyroxene Mg-number range for gabbro is 74-87. The high end of the gabbro range
(83-87) is from the gabbroic part of sample MK-62 directly adjacent the dunitic portion
of MK-62. The range of clinopyroxene Mg-numbers for olivine gabbro is 71-86. Higher
amounts of olivine grains in the olivine gabbros correlate with higher mg-numbers. The
clinopyroxene Mg-numbers in this study span a range that include numbers slightly lower
than those found in Mauna Kea xenoliths by Fodor and Galar (1997) of 77-90.
The overall Al2O3 concentrations in clinopyroxene average around 3 weight
percent (Fig. 3a). However, orthopyroxene-bearing xenoliths have average clinopyroxene
Al2O3 concentrations below 3 weight percent. Gabbro MK-62 and olivine gabbro MK-5
do not have orthopyroxene grains and extend up out of the field for clinopyroxene from
tholeiitic lavas into the field for clinopyroxene from alkalic lavas.
Clinopyroxene TiO2 concentrations for the clinopyroxene from tholeiitic lavas
and the alkalic lavas overlap considerably (Fig. 3b). Both sets of clinopyroxene show
decreasing TiO2 concentrations with increasing Mg-numbers. The TiO2 concentrations
for clinopyroxene grains in the dunite, pyroxenite and wehrlite xenoliths average around
14

7
6

Al2 O3 (wt %)

Dunit e
Pyroxenit e
Wehrlit e
Ol Gabbro
Ol Gabbronorit e
Gabbro
Gabbronorit e (From this study)
Ultramaﬁc

alkalic clinopyroxene

5
4

dunite, wehrlite, ol clinopyroxenite
(no opx)
wehrlite, olivine clinopyroxenite
(with opx)

3
2

Gabbroic

1

gabbronorite

(a)

0

70

troctolite

75

80

85

90

(From Fodor and Galar 1997)

alkalic clinopyroxene

2.5

TiO2 (wt %)

gabbro

tholeiitic clinopyroxene

2

1.5
1
0.5
tholeiitic clinopyroxene

(b)

0

70

75

80

85

90

alkalic clinopyroxene

Na2 O (wt %)

0.6
0.5
0.4
0.3
0.2
0.1
0

tholeiitic clinopyroxene
(c)

70

75

80

cpx Mg-number

85

90

Fig. 3. Clinopyroxene major element compositions from Mauna Kea xenoliths of this study and a previous study by Fodor and Galar (1997) compared
to clinopyroxene grains from Hawaiian tholeiitic basalts (Moore et al, 1908;
Ho & Garcia, 1988; Nicholls & Stout, 1988; Garcia et al., 1989, 1992; Helz &
Wright, 1992; Fodor & Moore, 1994) and alkalic basalts (Fodor et al., 1975;
Beeson, 1976; Chen et al., 1990; Frey et al., 1990). Clinopyroxene compositions from the xenoliths appear to originate from transitional magmas.
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0.75 weight percent TiO2. Olivine gabbros show a negative trend with TiO2 decreasing
with increasing Mg-number. In contrast gabbros have a relatively flat trend, averaging
about 0.75 weight percent TiO2 until Mg-numbers reach approximately 84. Gabbros with
Mg-numbers >84 show an increase in TiO2 with increasing Mg-number. Ti is behaving
as an incompatible element and increases in concentration in the more evolved
clinopyroxenes.
Clinopyroxene from tholeiitic lavas and alkalic lavas have Na2O concentrations
that slightly overlap at ~0.35 weight percent Na2O (Fig. 3c). Most of the clinopyroxene in
the tholeiitic basalts lie below 0.35 weight percent and most of the alkalic clinopyroxene
are above 0.35 weight percent. Na2O concentrations of clinopyroxene grains in the
xenoliths average around 0.4 weight percent for all the xenolith rock types except the
wehrlite. The wehrlite contains clinopyroxene grains with Na2O concentrations averaging
around 0.28 weight percent.
Olivine
Olivine compositions also vary depending on rock type (Fig. 4a; Table 3 in
attachments). Dunites have olivine grains with forsteritic compositions of Fo90-86. Again
one dunite sample, MK-20, differs with olivine compositions of Fo82-78. Wehrlite also has
olivine grains with high Mg contents, although slightly less primitive than the dunites,
with Fo85-84. The olivine gabbros are more evolved and have olivine compositions of
Fo76-69. Olivine gabbro MK-5 has the most Fe-rich olivine (Fo71-69).
NiO concentrations in olivine grains decrease with decreasing Fo and fall within a
field for olivine from tholeiitic lavas and gabbros (Fig. 4b). In contrast, CaO
concentrations do not plot in the olivine tholeiitic field with the exception of a few
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Fig. 4. Olivine compositions from Mauna Kea xenoliths (a) for each sample (b)-(c)
xenolith rock types and olivine compositions from Mauna Kea xenoliths studied
by Fodor and Galar (1997) compared to olivine in Hawaiian tholeiitic lavas (Fodor
and Moore, 1994; Fodor et al., 1977; Garcia et al., 1995; Baker et al., 1996; Rudek et
al., 1992; Fodor et al., 1993).
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analyses with CaO concentrations above 0.2 weight percent (Fig. 4c). Unlike Fodor and
Galar (1997), whose olivine compositions extend up into the field for olivine from
tholeiitic lavas, the olivine grains in this study appear to have lost CaO contents,
consistent with the metamorphic triple junction microstructures. However, a few olivine
analyses from the olivine gabbros extend up into the tholeiitic field.
Plagioclase
With the exception of two dunites and the wehrlite, plagioclase grains are present
in all samples and have a compositional range of An85-58 (Fig. 5; Table 4 in attachments).
The dunite MK-20 has one plagioclase grain on the edge of the xenolith in contact with
the lava surrounding the xenolith. Because of its location and composition, the
plagioclase grain may have grown from the host alkalic basaltic magma the Laupahoehoe
lava. It has anorthite values of An48-46, lower than the other plagioclase compositions and
on the An versus Or plot, it plots by itself below all other compositions. All plagioclase
anorthite values plot within the Kilauea tholeiitic field or along its trend.
Orthopyroxene
Orthopyroxene grains are found in the pyroxenites, the wehrlite, two
gabbronorites and three olivine gabbronorites. The orthopyroxene Mg-numbers range
from 64-76 (Fig. 6; Table 5 in attachments). The orthopyroxene grains from the wehrlite
comprise the high end of the Mg-number range (72-76) and the orthopyroxene from
gabbros make up the low end (65-67).
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Fig. 5. Plagioclase compositions from Mauna Kea
xenoliths compared to plagioclase from xenoliths in a
study by Fodor and Galar (1997) and to plagioclase in
Kilauea lavas and gabbros (Moore et al., 1980; Ho and
Garcia, 1988; Nicholls and Stout, 1988; Garcia et al.,
1989, 1992; Helz and Wright, 1992; Fodor and Moore,
1994). Plagioclase appear to be tholeiitic.
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Amphibole
Amphibole grains are found in dunite MK-20 as a rim between the xenolith and
the encasing Laupahoehoe lava. The amphiboles are pleochroic brown. Other studies on
Mauna Kea xenoliths found no amphibole (Fodor and Vandermeyden, 1988; Fodor and
Galar, 1997, Fodor, 2001). However, a study by Sen (1988) on metasomatized spinel
herzolite xenoliths from the Koolau shield found amphibole grains that are magmatic
reaction products of similar composition to the amphiboles analyzed in MK-20 indicating
they may also be magmatic reaction products (Fig. 7a-c).
Compositionally the amphiboles are titanopargasites (Leake et al., 1997; Leake et
al., 2004) The Mg-numbers range from 71-74 with one rim analysis next to an olivine
having a high mg-number of 80 (Fig. 7b; Table 6 in attachments). Increase in Mg-number
in this analysis corresponds to a increase in Na2O concentrations (Fig. 7d-e).
Apatite
Small, euhedral fluor-apatite grains were found in one olivine gabbro, MK-54.
Apatite likely formed as one of the last mineral phases crystallizing from interstitial
liquid (Table 7 in attachments).
CLINOPYROXENE TRACE ELEMENT COMPOSITIONS
Spot LA ICP-MS analyses of clinopyroxene trace elements were done for all
xenoliths that had large, unexsolved clinopyroxene grains (Table 8 in attachments).
Chondrite-normalized (Boynton, 1984) rare earth elements (REE) patterns for
clinopyroxenes are plotted as fields for several samples of each rock type (Fig. 8).
Patterns are concave downward and similar to instrumental neutron activation analyses of
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Fig. 8. (a) REE chondrite-normalized patterns from clinopyroxene grains
in Mauna Kea xenoliths based on rock type. (b) compared to clinopyroxene REE patterns from the Kerguelen Archipelago (J. Chevet pers. com.).
The xenoliths appear most similar to intermediate clinopyroxene patterns
from the Kerguelen Archipelago with a few more like the tholeiitic. The
steepness of the dunite REE pattern is more like the alkaline clinopyroxene
REE patterns from the Kerguelen Archipelago.
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REE on mineral separates of clinopyroxene grains from Hawaiian xenoliths (Fodor and
Galar, 1997). The patterns are enriched in middle REE. Dunite, pyroxenite, wehrlite,
olivine gabbro, gabbro, and gabbronorite have smaller, distinct fields while the olivine
gabbronorite field extends over a broader range of chondrite-normalized values. The
broadness of the field may only be due to the number of clinopyroxene grains analyzed
for each rock type. Olivine gabbro had clinopyroxene grains in several samples analyzed,
while the dunite, pyroxenite, and wehrlite only had analyses from one sample each, MK20, MK-65 and MK-6, respectively.
The clinopyroxene chondrite-normalized REE patterns for pyroxenite, wehrlite,
gabbro and olivine gabbro have depleted light REE (La-Sm) and small negative Eu
anomalies (Fig. 8). Eu negative anomalies are evidence for plagioclase fractionation from
parental magmas. Two samples, the gabbro MK-62 and the olivine gabbro MK-55, have
little or no negative Eu anomalies. In contrast to the other rock types, the REE pattern of
clinopyroxene in the dunite has higher amounts of light REE relative to heavy REE and
no Eu negative anomaly.
Two of the orthopyroxene-bearing samples, wehrlite MK-6 and olivine
gabbronorite MK-9a, have the lowest amount of clinopyroxene light REE (Fig. 9; Table 8
in attachments). Their LaN values range from 2-4 for the wehrlite and 1-5 for the olivine
gabbro. SmN ranges from 6-12 for the wehrlite and 8-12 for the olivine gabbro. The
orthopyroxene-bearing gabbro MK-60 has the highest amount of light REE of these
samples with a LaN range from 7-22 and a SmN range from 17-25. The other
orthopyroxene-bearing samples have light REE values similar to orthopyroxene-absent
samples.
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The Kerguelen Archipelago was formed by a mantle plume as are Hawaiian
volcanoes making it a good comparison to Hawaii. A study on intrusive gabbros from the
Kerguelen Archipelago analyzed for clinopyroxene trace element concentrations using
LA ICP-MS and found clinopyroxene REE patterns vary depending on whether the
clinopyroxene came from tholeiitic-transitional or alkalic magmas (J. Chevet pers. com.,
2008). Clinopyroxene patterns from tholeiitic magma are characterized by low light REE
compared to heavy REE. Alkalic clinopyroxene have higher amounts of light REE
compared to heavy REE giving it a steeper slope than tholeiitic clinopyroxene patterns.
Most of the Mauna Kea clinopyroxene compare very well with the Kerguelen
intermediate type clinopyroxene, lending support to the majority of Mauna Kea’s
xenoliths originating from transitional magmas (Fig. 8b). However, the steeper slope of
dunite MK-20 is more similar to clinopyroxene patterns in Kergeulen Archipelago alkalic
magma than tholeiitic magma although the REE concentrations are much less than the
clinopyroxene from gabbros in the Kerguelen Archipelago (Fig. 8b.).
DISCUSSION
Calculated liquids
While major and trace element compositions of minerals are useful, they have
brought the same tentative conclusions to several studies. Our approach calculates parent
magma compositions from trace element compositions of xenolith clinopyroxene grains.
Clinopyroxene/liquid partition coefficients for basaltic liquids have been the focus of
several studies (Hauri et al., 1994; Foley et al., 1996; Wood and Blundy, 1997; Johnson,
1998). We used each data set of partition coefficients to calculate liquid REE
compositions and each set gave similar chondrite-normalized REE values (Fig. 10).
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Fig. 10. Comparison of calculated liquid compositions for MK-5 using partition coefficients from Hauri et al. (1994), Foley et al. (1996) and Wood and
Blundy (1997) at 0.2 GPa and 1200 ˚C. All three sets of calculated liquids give
similar results.
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Because Hauri et al. (1994) gave partition coefficients for more elements than other
studies, their data set was used to calculate liquid compositions to compare with whole
rock analyses of Mauna Kea lavas.
Calculated liquids for each xenolith rock type all have mostly smooth, negativelysloping linear chondrite-normalized REE patterns with steep slopes (enriched light REE
in comparison to heavy REE) (Fig. 11a). Dunite has the steepest slope (LaN/YbN ratios
from 26-37) while the other rock types have calculated liquids with REE patterns with
less steep slopes (LaN/YbN ratios 4-20).
When compared to chondrite-normalized REE patterns for Mauna Kea lava
patterns (Frey et al., 1991), chondrite-normalized REE patterns for liquids calculated
from xenoliths lacking orthopyroxene grains appear most similar to Mauna Kea’s
postshield tholeiitic and alkalic basalts which have steeper slopes than tholeiitic shield
basalts (Fig. 11b). Liquids calculated from dunite MK-20 have chondrite-normalized
REE patterns with a steeper slope than the others and appears more alkalic. Liquids
calculated from orthopyroxene-bearing xenoliths also appear most similar to REE
patterns for Mauna Kea postshield lavas. However, two of the orthopyroxene-bearing
xenoliths, the wehrlite and an olivine gabbronorite (MK-9a) have calculated liquid with
chondrite-normalized REE patterns most similar to REE patterns for Mauna Kea’s shield
basalts.
With the exception of the wehrlite and the olivine gabbronorite, major element
compositions of the xenolith minerals, REE patterns of clinopyroxene grains in the
xenoliths and steep slopes of the REE patterns for liquids calculated from the xenoliths
all indicate the xenoliths originate from postshield magmas (Fig. 11b). The question
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Fig. 11.a. Chondrite-normalized REE patterns for liquids calculated from
Mauna Kea xenoliths. A representative for each rock type is shown.
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Fig. 11.b. Chondrite-normalized REE patterns for liquids calculated from Mauna
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wehrlite and olivine gabbronorite are more similar to shield tholeiitic lavas.
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remains as to which postshield substage, Hamakua or Laupahoehoe the xenoliths come
from. Also dunite MK-20 differed from other postshield xenoliths and might come from a
different source. As most of the xenoliths appear to have a transitional magma parentage,
it would seem more likely that the postshield xenoliths are from Hamakua magmas that
have erupted tholeiitic, transitional and alkalic lavas. The Laupahoehoe unit only erupted
alkalic lavas. To help further constrain their origins, whole rock compositions of lavas
from Mauna Kea were plotted on variation diagrams with the liquids calculated from
clinopyroxene in the xenoliths. Several variation diagrams were used to compare trace
element compositions (Zr, Ti, Eu, Sr, La, Ce, and Ba) of calculated liquids to Mauna Kea
lavas (Frey et al., 1990; West et al., 1988; Rhode and Vollinger, 2002; Feigenson et al.,
2003; Fig. 12). The transitional Hamakua lavas have lower concentrations of Zr (131-395
ppm), Eu (2-4 ppm), Sr (87-696 ppm), LREE (e.g., Ce 35-106 ppm), and Nb (17-51 ppm)
than the alkalic Laupahoehoe lavas (Zr 430-732 ppm, Eu 4-5 ppm, Sr 732-1026 ppm, Ce
103-184 ppm, and Nb 57-76 ppm). Liquids calculated from the compositions of the
clinopyroxene in Mauna Kea xenoliths are compositionally most similar to Hamakua
lavas in that concentrations of Zr (48-277 ppm), Ti (6173-19600 ppm), Eu (1-4 ppm), Sr
(141-539 ppm), La (8-91 ppm), Ce (22-136 ppm), and Ba (21-197 ppm) for the
calculated liquids are lower than those for Laupahoehoe lavas and overlap the fange of
Hamakua lavas in most diagrams. Even liquids calculated from the dunite MK-20 appear
compositionally similar to Hamakua lavas. However, the two xenoliths whose calculated
liquids had shield-like chondrite-normalized REE patterns appear compositionally similar
to tholeiitic lavas, plotting at low values for all these incompatible elements with shield
lavas (Fig. 12).
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Calculated liquid compositions and Hamakua lava compositions show increasing
Sr and Eu concentrations with increasing Zr (Fig. 12). As Zr is an incompatible element
in basaltic melts, a positive correlation with Sr and Eu indicates that they are also
incompatible. Ti concentrations in the calculated liquids also increase with increasing Zr
concentrations indicating that Fe-Ti oxides do not play a major role in the formation of
the calculated liquids.
While it is apparent in figure 12 that there are some slight mismatches of the
calculated liquid compositions to the whole rock analyses of Mauna Kea’s lavas, this is a
discrepancy based on which partition coefficient was used in calculating the liquids.
Figure 13 shows that by keeping the Ce contents calculated using the Hauri et al.(1994)
partition coefficient for Ce and plotting it against Zr calculated from partition
coefficients by Foley et al. (1996) and Johnson (1998) shifts the calculated liquid
patterns. The shifted patterns give a better match to the whole rock data for Mauna Kea’s
lavas and indicate that discrepancies depend on which partition coefficient is chosen to
calculate the liquid.
Estimation of crystallization pressures
Calculations of pressure of formation can give vital information on the depth at
which the cumulate xenoliths crystallized. There are several ways to calculate or estimate
pressure, however it is important to understand where the pressure data might fit into the
evolution of the volcano. Frey et al. (1990) used geochemical trends of Hamakua and
Laupahoehoe lava projected on the clinopyroxene-quartz-olivine plane and on the
diopside-nepheline-olivine plane (both projected from plagioclase; see their Fig. 12-13)
to derive a physical model of the depth of magma chambers during the evolution of
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Mauna Kea. During the late shield building stage, shallow magma chambers were kept
replenished with a continuous magma supply. As supply rates decreased, the basaltic
postshield stage eruptions of the Hamakua came from small, ephemeral shallow magma
chambers and dikes. Eventually magma supply rates decrease and were insufficient to
maintain open fractures for shallow magma chambers via open fractures. Basaltic
magmas ponded at the base of the oceanic crust due to a lack of driving force to move
magma through lower-density crust. Eventually low-density residual melts accumulated
and opened new fractures to ascend and erupt to form the Laupahoehoe postshield unit. If
the Frey et al. (1990) Mauna Kea model is accurate, then determining pressure of
formation for the xenoliths could help distinguish between the shallow-based Hamakua
unit and the Laupahoehoe unit at the base of the crust.
Clinopyroxene Aliv/Alvi ratios can indicate pressures of crystallization. Fodor and
Galar (1997) compared clinopyroxene Aliv/Alvi ratios from various Hawaiian xenoliths to
Mauna Kea cumulate xenoliths to estimate 5 kbars as the pressure of formation for all
xenolith rock types. This places the xenoliths origin around the base of the oceanic crust
beneath Mauna Kea (15-18 km). Based on the Frey et al. (1990) model, 5 kbars indicates
a relation to the Laupahoehoe unit.
Xenolith formation pressures were calculated in this study using the Nimis (1999)
clinopyroxene geobarometer. The geobarometer calculates pressures based on
clinopyroxene major element compositions and an independently calculated temperature.
As composition of the coexisting melt was found to affect pressure values, pressures are
calculated for mildly alkalic (MA) and tholeiitic melt (TH) (Nimis, 1999).
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Pressures were calculated for dunite MK-7, pyroxenite MK-9b, wehrlite MK-6
and the olivine gabbros MK-5 and MK-9a. Temperatures for the xenoliths were
calculated using the clinopyroxene and their corresponding orthopyroxene exsolution in
QUIlF (Andersen et al., 1993). Calculated average temperature for MK-7 is 939 C, for
MK-9b is 941 C, for MK-6 is 944 C, for MK-5 is 939 C and MK-9a is 940 C. Pressure
for TH melt composition for the dunite MK-7 is 6.6 kbars, for the pyroxenite MK-9b is
6.7 kbars, for the wehrlite MK-6 is 8.3 kbars, for the olivine gabbro MK-5 is 6.3 kbars
and for the olivine gabbro MK-9a is 8.3 kbars. MA composition pressures are 7.8 kbars
for dunite MK-7, 8.2 kbars for the pyroxenite MK-9b, 10.3 kbars for the wehrlite MK-6,
8.1 kbars for the olivine gabbro MK-5 and 10.7 kbars for the olivine gabbro MK-9a.
These calculations are higher than the pressure estimate of approximately 5 kbars given
by Fodor and Galar (1997) and exceed the general model of Frey et. al. (1990). Pressures
were also calculated using the Nimis (1999) geothermometer with temperatures more
similar to magmatic temperatures (i.e. 1200 °C), but results gave negative values for
pressure.
Magma Parentage
Concentrations of Al2O3, TiO2, and Na2O in clinopyroxene of the xenoliths are
more similar to clinopyroxene of transitional magmas (Fig. 3). However, the presence of
orthopyroxene in a xenolith denotes a tholeiitic magma parentage. Nine of the total
number of cumulate xenoliths studied were found to contain orthopyroxene: both
pyroxenites, the wehrlite, three gabbronorites and three olivine gabbronorites. Those
samples with orthopyroxene also had average Al2O3 concentrations in clinopyroxene
grains below 3 weight percent. Fodor and Galar (1997) found that clinopyroxene
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crystallized from tholeiitic lavas had Al2O3 concentrations below 3 weight percent. The
REE patterns of clinopyroxene for each of the samples are consistent with transitional
magma parentage (Fig. 11b). Only wehrlite has low Al2O3 and Na2O clinopyroxene
contents and along with olivine gabbronorite MK-9a is the only sample whose calculated
liquids have chondrite-normalized REE patterns that most resemble tholeiitic shield
lavas.
The most important evidence in the origin of the xenoliths comes from the trace
element variation diagrams comparing the calculated liquids to shield and postshield
lavas from Mauna Kea (Fig. 12). Consistent with the majority of the xenoliths appearing
to originate from transitional magmas, the variation diagrams show that calculated trace
element compositions for the xenoliths parent magmas are compositionally similar to
Hamakua lavas and not Laupahoehoe lavas. Hamakua eruptions include tholeiitic,
transitional and alkalic lavas, while lavas from Laupahoehoe eruptions are only alkalic. In
addition the wehrlite and olivine gabbronorite with calculated liquid REE patterns
resembled REE patterns for tholeiitic shield lavas, consistently have lower
concentrations of the trace elements on the variation diagrams, plotting with tholeiitic
shield lavas from Mauna Kea.
The xenoliths all appear to have formed from the Hamakua Volcanics magma as
Mauna Kea transitioned from shield tholeiite lavas to postshield alkalic lavas (Figs. 1112). Shield lavas evolved primarily by olivine fractionation (Helz, 1987). It follows that
most dunite xenoliths probably originated in tholeiitic shield lavas. However of the three
dunites sampled, only two had clinopyroxene to analyze for major elements and of those
two, only one had clinopyroxene large enough to analyze REE. The dunite MK-7 whose
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clinopyroxene grains only had major elements analyzed appears to be tholeiitic. The
Al2O3 and TiO2 concentrations of MK-7 clinopyroxene lie below the clinopyroxene in
alkalic lavas and they have higher Mg-numbers than other clinopyroxene (Fig. 3a).
Although there is no trace element data for MK-7 clinopyroxene, from the major element
compositions it appears likely that this dunite is tholeiitic.
The other dunite with both major element and REE compositional data for
clinopyroxene, MK-20, differs from MK-7. Al2O3 and NaO2 concentrations of
clinopyroxene extend up into the alkalic field (Fig. 3). In addition the REE pattern for the
clinopyroxene is the only one similar to clinopyroxene from alkalic basalts in that it has
more enriched light REE (Figs. 8 and 11b) and the liquids calculated from MK-20 appear
compositionally similar to Hamakua lavas (Fig. 12). From these it would seem that the
dunite MK-20 is alkalic in origin and from the postshield stage. However, as the
clinopyroxenes analyzed were found on the edge of the dunite xenolith in direct contact
with the encompassing Laupahoehoe lava, it is likely that the clinopyroxenes originate
from or were influenced by the Laupahoehoe lava. It is clear from figure 12 however, that
the clinopyroxenes in MK-20 are compositionally like Hamakua and not Laupahoehoe.
The liquids calculated from the clinopyroxene in dunite MK-20 plot with Hamakua lavas.
MK-20 also has the amphibole rim that may have formed by interaction with
Laupahoehoe lava. Thus the dunite itself could have come from tholeiitic or transitional
to alkalic lavas while the clinopyroxene and amphibole formed as a result of interaction
with alkalic magma during ascent and emplacement.
Pressure calculations from the Nimis (2000) barometer using clinopyroxene
compositions give the depth of crystallization below the base of the oceanic crust for the
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cumulate xenoliths at approximately 6-10 kbars. This differs from both the estimates of
xenoliths forming at 5 kbars (at the base of the crust) byAliv/Alvi ratios in clinopyroxene
by Fodor and Galar (1997) and modeling by Frey et al. (1990) that puts Hamakua magma
chambers in shallow crust. If the xenoliths are in fact from the Hamakua Volcanics unit,
as indicated by calculated liquids plotting with Hamakua lavas, then it follows that
pressures should be similar to the Frey et al. (1990) model and that the Nimis (2000)
geobarometer overestimates pressures of formation.
SUMMARY
A range of mafic to ultramafic cumulate xenoliths including dunites, pyroxenites,
wehrlites, gabbros and olivine gabbros were erupted with alkalic hawaiite magma from
one post-shield cinder cone on the flanks of Mauna Kea. The transitional to alkalic origin
of the cumulates as found by earlier studies (Sen and Presnall, 1986; Clague, 1988;
Clague and Bohrson, 1991 and Chen et al., 1992, Fodor and Galar, 1997) was supported
with additional analyses of mineral major and trace element compositions in this study.
Xenoliths with orthopyroxene are presumed to be tholeiitic in parentage. Chondritenormalized REE patterns for clinopyroxene in dunite, pyroxenite, gabbro, and olivine
gabbro are also similar to transitional and alkalic clinopyroxene patterns. The chondritenormalized REE pattern for wehrlite appears more similar to tholeiitic with low light
REE.
Possible parent magma compositions for the Mauna Kea xenoliths are calculated
from trace element compositions of xenolith clinopyroxene grains using the Hauri et al.
(1994) partition coefficients for basaltic liquids. With the exception of liquids calculated
from orthopyroxene-bearing a wehrlite and an olivine gabbronorite, chondrite-normalized
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REE patterns for the liquids calculated from both orthopyroxene-bearing xenoliths and
those lacking orthopyroxene are similar to REE patterns for Mauna Kea postshield lavas.
The wehrlite and olivine gabbronorite liquids have chondrite-normalized REE patterns
similar to those for Mauna Kea’s tholeiitic shield lavas.
Trace element variation diagrams directly compare the calculated liquids to
Mauna Kea’s shield and postshield lavas and are more useful for identifying the origin of
the xenoliths than the major element compositions of minerals and calculated liquid REE
patterns. The variation diagrams clearly show that calculated liquids are compositionally
similar to Hamakua lavas and indicate that although the xenoliths are erupted in
Laupahoehoe lava, they originate in Hamakua magmas. The wehrlite and an olivine
gabbronorite differ in that both the REE patterns of calculated and the low trace element
contents are consistent with them originating in tholeiitic shield magmas. Pressures
calculated for the xenoliths using a clinopyroxene geobarometer were not consistant with
pressures estimated for Hamakua magma chambers (Frey et al., 1991; Fodor and Galar,
1997).
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